INTRODUCTION
Batrachochytrium dendrobatidis (Bd), a fungus that causes the disease chytridiomycosis, has been responsible for many of the dramatic declines and dieoffs of amphibians in pristine environments around the world (Lips et al. 2006 , Skerratt et al. 2007 , Wake & Vredenburg 2008 , Lötters et al. 2009 Cascade Range in California. At the southern extent of its range, Cascades frogs have experienced significant declines (Fellers et al. 2008 ) and recent evidence supports the hypothesis that chytridiomycosis was responsible for the extirpation of R. cascadae from dozens (if not hundreds) of sites in the southern Cascade Range in California (Pope et al. 2014) . Only 11 populations of R. cascadae are known to remain in the region, and 6 of these are near extirpation (Pope et al. 2014 ). All of the remnant populations are infected with Bd, and chytridiomycosis is considered the primary threat to population persistence (Pope et al. 2014) .
Management options to reduce extinction risk due to chytridiomycosis include actions that reduce Bd in the environment or on hosts, or actions that increase population buffering capacity (Scheele et al. 2014) . One action suggested by Scheele et al. (2014) to reduce Bd on hosts is to identify life stages where Bd threatens population viability and temporarily bring individuals at that stage into captivity to clear the infection, then return them to the wild. Here, we test the effectiveness of this approach by treating wildcaught, recently metamorphosed R. cascadae with the antifungal drug itraconazole and monitoring their post-release survival at the capture-site.
We selected first year frogs because we have observed extremely low overwinter survival of this year class (K. L. Pope et al. unpubl. data) , and juvenile R. cascadae (including young of the previous year) have the highest Bd prevalence and infection intensity of any life stage (Piovia-Scott et al. 2011) . We hypothesize that a rapid increase in Bd infection occurs during the cool fall period between metamorphosis and overwintering, as recently metamorphosed animals appear to be especially vulnerable to infection (Rollins-Smith et al. 2011) and are likely to be exposed to the motile, waterborne fungal zoospores since they remain closely tied to water following metamorphosis. Under this hypothesis, many first year frogs are predicted to succumb to the disease prior to snow melt the following spring. If this is true, then treatment of newly metamorphosed frogs during the fall may have high potential for positive impacts at the population level. In critically at-risk populations, treatment of juveniles with antifungal agents may increase recruitment into the more resilient older life stages.
Some effort has been devoted to developing safe treatments for Bd-infected amphibians (Berger et al. 2010 , Baitchman & Pessier 2013 . Most of this research has focused on laboratory trials of antifungal drugs and their effects on Bd and the infected amphibians (Nichols et al. 2000 , Garner et al. 2009 , Berger et al. 2010 , Brannelly et al. 2012 . Many antifungals have been tested, including formalin and malachite green, copper sulfate, miconazole, fluconazole, benzalconium chloride, terbi nafine hydrochloride, voriconazole, and itraconazole (Berger et al. 2010 , Bowerman et al. 2010 , Martel et al. 2011 , Baitchman & Pessier 2013 . Based on research to date, low doses of itraconazole appear to be among the safest and most effective options for treating amphibians with chytridiomycosis (Garner et al. 2009 , Berger et al. 2010 , Brannelly et al. 2012 .
Itraconazole has been used both in veterinary and human medicine for treatment of fungal infections and works by inhibiting the synthesis of ergosterol, a primary part of fungal cell membranes (Marichal et al. 1999) . Itraconazole concentrates and persists in keratinized tissues in mammals (Riviere & Papich 2009) ; if this is also true for amphibians, itraconazole may be especially effective against chytridiomycosis because Bd lives in the keratinized epithelial tissues of amphibians (Marantelli et al. 2004 ). Use of itraconazole on amphibians, however, can cause sideeffects including excessive skin sloughing, lethargy, loss of appetite, mortality at high dosages, and possibly immunosuppression (Berger et al. 2010 , Brannelly et al. 2012 . Nevertheless, it remains the most commonly used antifungal agent for treatment of amphibians infected with Bd (Baitchman & Pessier 2013).
The objective of this study was to measure the efficacy of itraconazole treatment on wild juvenile Cascades frogs collected from a declining, Bd-positive population. Our specific goals were to determine if treatment with itraconazole (1) clears Bd infections, (2) leads to persistent reductions in Bd infection after treated animals are returned to the field, (3) improves over-winter survival, and (4) causes any observable adverse effects. We hypothesized that the itraconazole treatment would reduce the prevalence and intensity of Bd infection and lead to higher overwinter survival in the treated group relative to untreated controls. Once 60 frogs were collected, we immediately transported them by car (~350 km, 5 h travel time) to Humboldt State University (HSU) in Ar cata, California. The frogs were housed individually in sterile 5.7 l plastic Tupperware containers arranged on metal racks in the HSU Wildlife Game Pens walk-in cold room, in which the temperature was maintained at between 10 and 13°C. The containers were filled with 150 ml of filtered tap water and placed at about a 20° angle to allow for basking both in and out of the water. An upside-down plastic dish with a hole cut in one side was placed in the dry portion of each container to provide refuge.
MATERIALS AND METHODS

Frog collection and housing
Treatment protocol and re-surveys
The day after collection (Day 1), all frogs were swabbed with a sterile swab following the technique outlined by Boyle et al. (2004) to determine initial Bd zoospore intensity. We ran a sterile swab (Medical Wire and Equipment) 5 times along the left and right inner thighs, the left and right webbing of the hind feet, and the ventral surface of the abdomen. Individual frogs were then randomly assigned to treatment (n = 30) or experimental control (n = 30) groups. Frogs were kept in their original locations so that control and treatment frogs remained randomly interspersed. Each day for 4 d, frogs in the treatment group were individually placed in a lidded 100 × 20 mm Petri dish containing 30 ml of a 0.01% solution of itraconazole (Sporanox, Janssen Pharmaceutica) in reverse osmosis water. Frogs in the experimental control group were treated similarly, but the Petri dishes contained 30 ml of plain reverse osmosis water. Animals were kept in the Petri dishes for 10 min before being placed back into their individual containers. While we used the same 0.01% concentration of itraconazole as Nichols et al. (2000) and Forzán et al. (2008) , we reduced the number of treatment days from 11 to 4, and doubled the soak time from 5 to 10 min to minimize the length of time animals were held in a captive environment. On the second day, the water in the habitats was changed and frogs were fed a mixture of pinhead crickets and flightless fruit flies. On the last day of captivity (Day 4), all frogs were treated for the fourth time and then swabbed for Bd, weighed with a 10 g Pesola scale and injected with a visual implant elastomer (VIE) dye color-coded by treatment group for field recognition after release. All needles were sterilized with 95% alcohol, flamed and allowed to air cool between individuals. On the afternoon of the fourth day, frogs were transported back to Carter Meadow and released. Two frogs in each group died during the treatment phase of the study, resulting in the release of 28 treated and 28 experimental control frogs.
We conducted a visual encounter survey 3 wk later, on 30 September, at and around the site of release and captured all recently metamorphosed frogs encountered. Captured frogs that had not been used in the experiment were considered 'field controls' and were used to assess the possible effects of transport and captivity on Bd infection. In total, we captured 13 treated, 15 experimental control, and 47 field control frogs; these individuals were weighed, measured, swabbed for Bd, and checked for a VIE mark before being released. All animals were kept in individual bags for weighing and measuring, and were swabbed by handlers wearing disposable latex gloves that were changed after each handling of individual frogs. Two weeks later (5 wk post-release) an additional visual encounter survey was conducted using the same methods described above; we captured 8 treated, 12 experimental control, and 59 field control frogs.
During the spring and summer of the following year, 7 subsequent surveys (20 May, 5 June, 12 June, 10 August, 24 August, 9 September, and 19 September) of Carter Meadow were conducted to recapture any marked or unmarked individuals from the 'young-of-previous-year' age class. All captured frogs were given a survey-specific VIE mark so we could determine the number of individuals per group without double-counting animals already recaptured.
PCR diagnosis
Quantitative PCR (qPCR) was used to identify presence and intensity of Bd infection. These qPCR reactions followed a protocol slightly modified from Boyle et al. (2004) . We evaluated the amount of Bd on each swab in terms of zoospore equivalents (ZE) using real-time, quantitative PCR (Boyle et al. 2004 , Retallick et al. 2006 , Hyatt et al. 2007 . Each swab was placed in a vial containing 0.5 ml of 1% TE buffer at room temperature and shaken overnight. Swabs were then removed from the buffer and discarded, and the samples were centrifuged at 13 000 × g for 10 min. The supernatant was discarded and 40 µl of PrepMan Ultra (Applied Biosystems) was added to the pellets. The samples were vortexed, heated at 100°C for 10 min, then centrifuged at 13 000 × g for 2 min. The upper 20 µl of each sample was removed and diluted in 180 µl molecular grade water. Diluted DNA samples were analyzed on a Step-One Plus Real-time PCR machine (Applied Biosystems); we used 2.5 µl of dilute DNA with a total reaction volume of 12.5 µl. Samples were run singly (Kriger et al. 2006) and Bd standards were run on each plate. The DNA quantity found by qPCR was multiplied by 160 to account for dilutions that occurred during processing, producing an estimate of the number of Bd ZEs in each sample.
Data analysis
The effects of treatment with itraconazole on Bd prevalence, Bd load, frog weight, and frog length were evaluated using exact tests (for Bd prevalence) and t-tests (for Bd load, frog weight, and frog length). Since experimental animals were not given individual marks (a precaution aimed at minimizing the effect of marking on animals used in the study), we were not able to use repeated-measures analyses. Instead, we conducted separate analyses for each post-treatment time point and used a sequential Bonferroni correction to evaluate statistical significance (at α = 0.05) while accounting for experiment-wise error rate. Effects on Bd prevalence were evaluated using Boschloo's unconditional exact test (Boschloo 1970 , Lehmann & Romano 2008 with Bd presence/ absence and treatment/experimental control as the 2 classification factors. We used this test because sample sizes were too low for asymptotic contingency table tests (such as Pearson's χ 2 ), and because in most cases row and column sums were not known a priori (e.g. we did not know how many of the animals would test positive for Bd at any given time). For animals that tested positive, effects on Bd load, weight, and length were evaluated using Welch's t-tests (Bd loads were log-transformed to meet assumptions of normality). In order to evaluate the effects of transportation, captivity, and treatment on Bd infection, we conducted additional analyses comparing Bd prevalence and load in field controls and experimental controls; these analyses were restricted to the 3 and 5 wk sampling events as field controls were not measured at other times. Finally, to assess the effect of treatment on overwinter survival, we conducted a Boschloo's unconditional exact test comparing the number of treated and experimental control animals released in September 2012 to the number of unique individuals in each treatment group recaptured during spring and summer 2013. All analyses were conducted using the statistical software R (R Development Core Team 2012).
RESULTS
Bd infection rates in metamorphs of R. cascadae were low prior to treatment with itraconazole: 5 frogs in the treatment group and 1 in the experimental control group tested positive for Bd prior to the start of the experiment. Immediately after treatment and prior to release in the field, 2 of the 5 Bd-positive treated frogs remained positive, albeit at decreased intensities (532 to 138 ZE; a 56% decrease, and 2863 to 1270 ZE; a 21% decrease); the 1 Bd-positive experimental control frog remained positive but also at a Fig. 1a ). However, 3 wk after treatment there was a marginally significant trend for reduced prevalence in treated frogs (Boschloo's exact test, p = 0.06); 5 wk after treatment, treated frogs clearly showed a reduced Bd prevalence compared to experimental controls (Boschloo's exact test, p = 0.015), with 67% of the experimental control animals testing positive compared to 13% of treated animals. We were not able to include treated animals in analyses of Bd load due to the paucity of Bd-positive animals.
We found no evidence for differences in Bd infection between experimental controls and field controls (Table 1) : 3 wk after treatment, we did not detect differences in Bd prevalence (Boschloo's exact test, p = 0.8) or Bd load (t 11.1 = 1.3, p = 0.2); the same qualitative results were obtained 5 wk after treatment (Bd prevalence: Boschloo's exact test, p = 0.7; Bd load, t 18.5 = 0.4, p = 0.7).
There was no indication of differences in weight between treated and experimental control animals on the last day of treatment (t 50.5 = 0.5, p = 0.6; Fig. 1b) . However, frogs that were treated with itraconazole weighed 22% less than experimental controls 3 wk after treatments were applied (0.7 vs. 0.9 g; t 25.5 = 2.7, p = 0.011); this difference appeared to persist 5 wk after treatment, although the difference was only marginally significant (0.7 vs. 0.9 g; t 12.3 = 1.9, p = 0.08). There was a marginally significant tendency for treated frogs to be shorter in length than experimental controls 3 wk after treatment (18.9 vs. A greater proportion of treated frogs (7 out of 28) than experimental controls (0 out of 28) were recaptured in the 7 surveys conducted during the spring and summer of 2013 (Boschloo's exact test, p = 0.01) and only 3 field controls were found. During these spring surveys, 1 of the 7 treated frogs tested positive for Bd and none of the 3 field controls tested positive. We recaptured 2 of the survivors from the treated group in both May and late summer of 2013. Both frogs had increased in size from < 2 g in May to 3.0 g on 24 August and 5.5 g on 9 September, and increased in length from ~22 to 30.5 and 35.5 mm, respectively. One additional treated frog was recaptured on 30 April 2014 and weighed 3.0 g and was 31.6 mm long. 
DISCUSSION
This study found evidence for decreased prevalence of Bd in newly metamorphosed frogs treated with itraconazole and then released back into the wild. The difference in Bd prevalence between treated frogs and experimental controls was not apparent immediately following treatment (likely due to low prevalence across both treatment groups at that time), but appeared 5 wk after treatment and release. While several studies have found that itraconazole successfully reduces infection loads in a controlled laboratory environment (Garner et al. 2009 , Berger et al. 2010 , Brannelly et al. 2012 , this study has shown that the effects of the treatment can be sustained for at least 5 wk after release back into a Bd-contaminated, natural environment. In addition, 25% of the treated frogs survived the winter while survival could not be confirmed for any of the untreated, experimental control frogs. Therefore, treatment of wild, newly metamorphosed frogs with itraconazole may be a useful tool for increasing survival through a highly vulnerable life stage.
Why was the effect of treatment on Bd prevalence not apparent until 5 wk after treatment? We suggest that our failure to detect a difference between treated frogs and controls on the last day of treatment was due to the fact that so few animals had detectable Bd infections -the control group only had 1 animal with a detectable infection at the time of treatment, so it would be challenging to find evidence for lower rates of infection in treated animals. More intriguing is the development of higher rates of infection in control frogs, but not treated frogs, over the following 3 to 5 wk. The development of high prevalence in experimental control frogs is consistent with the hypothesis laid out in the introductionrapid development of infections in newly metamorphosed frogs in late summer and early fall -and mirrors the prevalence of infection in non-experimental field controls. Treated frogs may have maintained low rates of infection during the same period for a number of reasons. First, itraconazole may have persisted in the skin throughout the 2012 sampling period, continuing to prevent infection for weeks after treatment. Itraconazole is known to persist in keratinized skin of mammals for several weeks (Riviere & Papich 2009), however, its residence time in the skin of amphibians may be lower, as the keratinized stratum corneum is only 1 or 2 cells thick and turns over frequently (Duellman & Trueb 1994) . While Cashins et al. (2013) found no evidence for reduced rates of infection in Litoria booroolongensis exposed to Bd 80 d after treatment with itraconazole, shorter time frames similar to our 21 and 35 d periods have not been tested. Even if itraconazole did not persist in the skin for weeks after treatment, it may have persisted long enough to allow for the emergence of other factors to suppress Bd infection. For example, treated frogs may have developed enhanced immunity to Bd during the period in which they were exposed to Bd but were protected by the antifungal agent, allowing for persistent reductions in infection rates ). However, itraconazole may have had immunosuppressive effects on treated frogs, which could ultimately limit its effectiveness . Nonetheless, one clear implication of our results is that even if itraconazole does not persist in amphibian skin, when treatment occurs at a critical time period it may keep animals from reaching critical loads of Bd (Vredenburg et al. 2010 ) and allow them to survive through vulnerable life stages.
Treated animals in our study were smaller than their untreated counterparts 3 and 5 wk after treatment and release. This finding of reduced growth of itraconazole-treated frogs was also observed in mountain yellow-legged frogs Rana muscosa (Woodhams et al. 2012 ) and seems to be an adverse effect of this chemotherapeutic treatment (Garner et al. 2009 , Brannelly et al. 2012 . The size of recently metamorphosed frogs has been positively correlated with survival rates (Semlitsch et al. 1988 , Altwegg & Reyer 2003 and may be especially important for animals living in habitats constrained by short growing seasons such as those at high altitudes (Metcalfe et al. 2002) . Cascades frogs at the Carter Meadow study site spend about 5 or 6 mo under snow and ice during the winter and early spring. The winter of 2012/2013, however, was shorter than usual with 88% of normal snowpack (California Data Exchange Center 2014). The short winter season may have facilitated the survival of small, treated frogs. Thus, while the itraconazole treatment increased apparent winter survival in 2012/2013, reductions in growth rate could outweigh any benefits arising from treatment in more severe winters, when survival may be more tightly linked to body size.
Our study provides some insight into how itraconazole treatment protocols could be refined for use on post-metamorphic frogs released into Bdpositive natural habitats. While we used the same 0.01% concentration of itraconazole as Nichols et al. (2000) and Forzán et al. (2008) , we reduced the number of treatment days (from 11 to 4) and dou-bled the soak time (from 5 to 10 min) in order to minimize the length of time frogs were in a captive environment. Unfortunately, this treatment caused significant reductions in growth and did not result in complete clearance of existing Bd infections in treated animals. It may be possible to achieve complete clearance of Bd infection with fewer negative effects on recently metamorphosed Cascades frogs by using a lower concentration of itraconazole administered for a greater number of days. For example, Brannelly et al. (2012) found that the administration of a 0.0025% itraconazole solution for 5 min d −1 over 6 d effectively cleared Bd infections in the Coastal Plain toad Incilius nebulifer while minimizing harmful side effects. While further research is required to determine optimal treatment protocols for recently metamorphosed R. cas cadae, the use of a lower itraconazole concentration (0.0025% rather than 0.01%) is consistent with the recommendations of Baitchman & Pessier (2013) for sensitive species and low-intensity infections, and it seems likely that a treatment protocol similar to the one highlighted by Brannelly et al. (2012) might be effective. While our research suggests that itraconazole can be an effective treatment for Bd infection in recently metamorphosed R. casca dae, it is worth noting that other treatment modalities may be more appropriate for other life stages and in other species (Baitchman & Pessier 2013) . Furthermore, the potential immunosuppressive effects of itraconazole suggest that investigations of other antifungal agents (e.g. terbinafine, voriconazole) may be worthwhile.
Our study suggests that the positive effects of itraconazole treatment outweigh the negative effects for wild juvenile frogs known to have a low chance of survival due to chytridiomycosis. This treatment could be used on juvenile frogs in critically at-risk populations to increase recruitment into more resilient older life stages, and may stave off extirpation. In addition, itraconazole treatment could be used to reduce Bd prevalence in source populations prior to reintroduction. For example, a plan is being developed to reintroduce Cascades frogs to Lassen Volcanic National Park; treatment with itraconazole prior to release may increase the chances of success. While our study has shown that itraconazole treatment has a prolonged effect of Bd reduction when in a natural Bd-positive environment (at least 5 wk), further research is required to determine the mechanism for this effect and the length of treatment efficacy in additional species and environments. 
